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The Caenorhabditis elegans vulva provides a simple model for the genetic analysis of pattern formation and organ
morphogenesis during metazoan development. We have discovered an essential role for the polarity protein PAR-1 in the
development of the vulva. Postembryonic RNA interference of PAR-1 causes a protruding vulva phenotype. We found that
depleting PAR-1 during the development of the vulva has no detectable effect on fate specification or precursor proliferation,
but instead seems to specifically alter morphogenesis. Using an apical junction-associated GFP marker, we discovered that
PAR-1 depletion causes a failure of the two mirror-symmetric halves of the vulva to join into a single, coherent organ. The
cells that normally form the ventral vulval rings fail to make contact or adhere and consequently form incomplete toroids,
and dorsal rings adopt variably abnormal morphologies. We also found that PAR-1 undergoes a redistribution from apical
junctions to basolateral domains during morphogenesis. Despite a known role for PAR-1 in cell polarity, we have observed
no detectable differences in the distribution of various markers of epithelial cell polarity. We propose that PAR-1 activity
at the cell cortex is critical for mediating cell shape changes, cell surface composition, or cell signaling during vulval
morphogenesis. © 2003 Elsevier Science (USA)
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Organ morphogenesis is the transition from simple epi-
thelial layers or fields of cells to an organ comprised of
differentiated cells arranged for their mature function. This
stage of development requires that individual cells use an
array of processes, including shape change, migration, se-
lective adhesion, and in some cases, cell fusion. Correct
orchestration of these processes on all levels requires proper
cytoplasmic, cortical, and plasma membrane organization
in the participating cells (Trinkaus, 1984).
Development of the Caenorhabditis elegans vulva pro-
vides a simple system to study organ morphogenesis. Vul-
val development begins during the third larval stage when
well-studied inductive signaling events specify three ven-
tral epithelial cells (P5.p, P6.p, and P7.p) to adopt the vulval
fate (Wang and Sternberg, 2001). After specification, these
cells undergo a reproducible pattern of proliferation, pro-
ducing 22 vulval cells that are arranged in a linear array
along the ventral midline. During the L4 stage, the array of
vulval cells undergoes morphogenesis, which proceeds in
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54three phases and has been previously described in detail
(Sharma-Kishore et al., 1999). The first phase, apical exten-
sion, involves short-range migrations, cellular process for-
mation, and selective adhesion. These processes combine to
transform the linear array of vulval cells into a tube
comprised of seven toroids (vulA–vulF) encircling a central
lumen. During the second phase, fusion, many of the
individual cells that comprise the toroids fuse into syncy-
tia. During the third phase, eversion, the lumen closes and
the vulva partially everts.
The molecular mechanisms underlying vulval morpho-
genesis are poorly understood but are amenable to genetic
analysis. Screens for mutants with visible alterations in the
appearance of the vulva in adults have recovered mutants
with vulvae that are protruding (pvl), everted (evl), or
squashed (sqv) (Antoshechkin and Han, 2002; Eisenmann
and Kim, 2000; Herman et al., 1999; Mohler et al., 2002;
Seydoux et al., 1993). In addition, a recent screen for
mutations that affect vulval morphogenesis identified
genes that play a role in establishing the connection be-
tween the vulva and the gonad (cog) (Hanna-Rose and Han,
1999). Results from the subset of genes that have been
studied reveal that, although many play roles in fate speci-Developmental Biology 253, 54–65 (2003)
doi:10.1006/dbio.2002.0866fication, some appear to specifically alter vulval morpho-
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genesis. These include egl-26, which encodes a novel pro-
tein that affects the precise morphology of vulF (Hanna-
Rose and Han, 2002), eff-1, epithelial fusion failed, which
plays a role in the fusion of the vulval cells (Mohler et al.,
2002), and sqv-3, -7, and -8, which encode enzymes of a
glycosylation pathway that appears to be involved in the
adhesion of the vulval cells to the underlying basal lamina
(Bulik et al., 2000; Herman and Horvitz, 1999). Mutations
in some of these genes cause additional phenotypes, consis-
tent with the idea that many genes that function during
vulval morphogenesis will be widely used during develop-
ment. Our studies of par-1 reported here provide additional
support for this idea.
par-1 was identified as a maternally acting gene required
for cytoplasmic partitioning and asymmetric cell division
in early embryogenesis (Guo and Kemphues, 1995; Kem-
phues et al., 1988). par-1 and its homologues make up the
EMK (ELKL Motif Kinase) family of kinases (Plowman et
al., 1999). Members of the family are involved in cytoplas-
mic polarity in diverse contexts. Yeast EMK family mem-
bers play roles in polarity and cell cycle control (Barral et
al., 1999; Levin and Bishop, 1990). A Drosophila homologue
is involved in oocyte specification, embryonic axis deter-
mination, cytoplasmic organization in the follicular epithe-
lium, and the regulation of Wnt signaling (Cox et al., 2001;
Huynh et al., 2001; Riechmann et al., 2002; Schulman et
al., 2000; Sun et al., 2001; Tomancak et al., 2000). In mice,
knockout of a par-1 homologue causes diverse pathologies,
including dwarfism, reduced fertility, and defects in im-
mune system homeostasis (Bessone et al., 1999; Hurov et
al., 2001). A human homologue, Kp78, is normally found
associated with the cortex of cells in the pancreas. In
tumorigenic cells, however, this association is lost or the
kinase is not expressed (Parsa, 1988). Although the mam-
malian pathologies have not been analyzed on a molecular
level, biochemical analysis has suggested a possible role in
regulating microtubule dynamics. Rat homologues of par-1,
the MARKs, were purified based on their ability to phos-
phorylate the microtubule-associated protein Tau (Drewes
et al., 1997; Ebneth et al., 1999). While there is some
evidence that suggests that both the MARKs and Drosoph-
ila par-1 exert their effects through the microtubule cy-
toskeleton (Cox et al., 2001; Drewes et al., 1997), thus far
there is no direct evidence that C. elegans par-1 does the
same. By contrast, PAR-1 physically associates with a
conventional nonmuscle myosin heavy chain (Guo and
Kemphues, 1996). Nevertheless, the combination of data
gathered in various organisms suggests a common role in
cell polarity for par-1 and its homologues (Kemphues,
2000).
We report here a new par-1 loss-of-function phenotype
revealed by postembryonic depletion of PAR-1 by RNA-
mediated gene interference (RNAi). Depletion of PAR-1
causes a protruding vulva phenotype. Our data indicate that
PAR-1 is required for vulval morphogenesis and does not
appear to play a role in vulval cell proliferation or fate
specification. Our data also indicate that PAR-1 activity is
necessary for cell shape changes and cell–cell associations
that transform columnar vulval precursors into mature
vulval toroids during morphogenesis. PAR-1 activity may
be required for cellular process extension, recognition of
cell–cell contact, selective adhesion, or cell fusion events
during morphogenesis. We propose that PAR-1 functions in
proper cortical or plasma membrane organization and func-
tion in the vulval epithelium.
MATERIALS AND METHODS
Nematode Culture and Strains
Nematodes for these experiments were grown according to
standard procedures, but at 25°C rather than 20°C. Because growth
at 25°C is more rapid than at lower temperatures, the times of key
developmental events are earlier than other published studies. For
example, at 25°C, the L3–L4 molt occurs at 30–31 h after hatching.
Synchronized L1s were obtained by standard procedures (Lewis and
Fleming, 1995). The AJM-1::GFP translational fusion (SU93; AJM-1
was formerly JAM-1) (Michaux et al., 2001; Mohler et al., 1998), the
cdh-3::GFP promoter fusion (PS3352) (Pettitt et al., 1996), the
egl-17::GFP promoter fusion (NH2246) (Burdine et al., 1998), and
the lin-11::GFP promoter fusion (OH103) (Hobert et al., 1998) were
obtained from the Caenorhabditis Genetics Center stock collection
(University of Minnesota, St. Paul, MN). The LET-413::GFP and
the HMP-1::GFP translation fusion strains (Legouis et al., 2000;
Raich et al., 1999) were obtained from M. Labouesse and J. Hardin,
respectively.
RNAi
We tested full-length par-1 (GenBank Accession No. U22183), a
5 fragment encoding the kinase domain (nucleotides 1–1357), and
a central fragment encoding the linker domain (nucleotides 1358
-2952) independently by RNAi. Each DNA was cloned into the
vector pPD129.36 (Timmons et al., 2001) for expression of par-1
dsRNA in Escherichia coli strain HT115(DE3). Induction and
feeding were as previously described (Timmons et al., 2001), except
that 0.5 mM IPTG was used. Throughout this study, we used the
full-length construct as it caused the most consistent, highly
penetrant Pvl phenotype and HT115(DE3) harboring the empty
vector as the control.
Fixation, Immunocytochemistry, and Microscopy
Larvae were fixed in methanol according to standard protocols
(Miller and Shakes, 1995). To permeabilize prior to fixation, larvae
were compressed between two poly-lysine-coated slides and frozen
over dry ice. The slides were rapidly separated, tearing the cuticle
in the process, and then immediately immersed in 20°C metha-
nol while still frozen. Three antisera to PAR-1 produced identical
staining patterns in the vulva of developing larvae. These included
a previously described antiserum raised against a portion of the
linker region (Guo and Kemphues, 1995) and two antisera raised
against overlapping portions of the carboxyl terminus (F. Piano,
personal communication; Go¨nczy et al., 2001). All micrographs
shown here were obtained with the antisera provided by P. Go¨nczy
used at 1:300. The MH27 monoclonal antibody to AJM-1 (Francis
and Waterston, 1991), rabbit polyclonal antibody to PAR-6 (Hung
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and Kemphues, 1999), rabbit polyclonal antibody to PAR-3
(Etemad-Moghadam et al., 1995), rabbit polyclonal antibody to
NMY-2 (Guo and Kemphues, 1996), and E7 monoclonal antibody to
tubulin (Chu and Klymkowsky, 1989) were used at 1:10. Rabbit
polyclonal antibody to DLG-1 (Bossinger et al., 2001) was used at
1:400. Secondary antibodies (Jackson Immunoresearch) were used
at 1:100. Differential interference contrast and epifluorescence
microscopy and digital image capture were performed by using an
Olympus BX60 fitted with an Hamamatsu Orca C4742-95 camera.
Confocal laser scanning microscopy was performed on a Bio-Rad
MRC-600. Subsequent image analysis was performed by using NIH
Image (http://rsb.info.nih.gov/nih-image/).
RESULTS
Postembryonic par-1(RNAi) Causes a Protruding
Vulva Phenotype
In an effort to create large numbers of embryos that were
depleted of PAR-1 for biochemical studies, we used RNAi
induced by bacterial feeding (Timmons et al., 2001) to
inhibit expression of PAR-1 in N2 worms. We found that
N2 worms grown from hatching to adulthood on bacteria
expressing full-length par-1 dsRNA develop a protruding
vulva phenotype (Pvl; Fig. 1 and Table 1). Because RNAi
could theoretically target more than one gene, we assessed
specificity by testing smaller, nonoverlapping fragments of
par-1. We tested a 1.4-Kb fragment that encompasses the
kinase domain and a 1.6-Kb fragment that encompasses the
linker domain, and we observed that both caused Pvl with
high penetrance (Table 1), supporting the idea that the Pvl
was caused by specific depletion of PAR-1. Consistent with
RNAi studies of other genes (Maine, 2001), we observed
that the penetrance of the Pvl phenotype caused by par-
1(RNAi) was sensitive to temperature (Table 1). We also
found upon closer examination that worms homozygous for
the b274 allele, which produces a truncated PAR-1 protein
of about 86 kDa, and the lw39allele, which produces no
detectable PAR-1 protein and appears to be an intragenic
deletion (Guo and Kemphues, 1995), show weakly pen-
etrant Pvl phenotypes at 25°C (Table 1). To further assess
whether depletion of PAR-1 was the cause of the Pvl
phenotype, we asked if PAR-1 was found in vulval cells and
whether it was depleted after RNAi. We found that anti-
PAR-1 antibodies stain vulval cells and that this staining is
abolished after par-1(RNAi) (see Fig. 6D). Furthermore, the
presence of PAR-1 protein in the vulva correlates with
mRNA expression observed in situ (see results of in situ
hybridization from Y. Kohara’s laboratory at http://
nematode.lab.nig.ac.jp/dbest/). We conclude that the Pvl
phenotype is due to the loss of PAR-1 function in vulval
cells, but is more readily observed by RNAi than in ho-
mozygous mutants. This probably reflects the fact that
RNAi depletes both zygotic and maternal mRNA. Homozy-
gous mutants may retain sufficient wild type maternal
message to allow normal vulval development in most cases.
Specification and Proliferation of Vulval Precursors
Appears Normal after PAR-1 Depletion
Vulval development can be divided into 3 phases: speci-
fication, proliferation, and morphogenesis (Greenwald,
1997; Sharma-Kishore et al., 1999; Wang and Sternberg,
2001). PAR-1 may be required at any single stage or at
multiple stages of vulval development. If the first two
phases occur correctly, then 22 vulva cells expressing
cell-specific markers should result. We examined the vul-
vae of par-1(RNAi) worms to determine whether PAR-1
plays a role in specification or proliferation.
We used DIC microscopy to count vulval cell nuclei
during the L3–L4 molt. At this point in wild-type vulval
development, the vulval cells have nearly completed their
short-range migrations and surround the nascent vulval
lumen (Greenwald, 1997; Sulston and Horvitz, 1977). We
counted 22 nuclei in controls and found them all in their
expected positions (n  4 larvae). In par-1(RNAi) larvae, we
counted 22 nuclei per vulva, indicating that PAR-1 is not
required for proliferation (n  9 larvae). In general, cell
positions, as assayed by nuclear position by DIC optics, and
cell bodies by cytoplasmic GFP (see below) were in posi-
tions similar to those in wild type. However, greater varia-
tion in cell position is seen in par-1(RNAi) larvae (arrow in





temperature % Pvl (n)
Vector(RNAi) 20 0.5 (360)
25 1 (445)
Full-length(RNAi) (nt 1–4383) 20 25 (323)
25 97 (438)
Linker domain(RNAi) (nt 1357–2952) 20 5 (276)
25 78 (415)
Kinase domain(RNAi) (nt 1–1356) 25 98 (474)
b274 25 4 (94)
lw39 25 26 (54)
FIG. 1. Postembryonic par-1(RNAi) causes Pvl. (A) Wild-type
vulva. (B) Protruding vulva in par-1(RNAi) adult.
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overall correct organization of vulval nuclei and cell bodies
strongly suggests that precursor specification and the ex-
ecution of the vulval lineage are not affected by depletion of
PAR-1.
To more directly assess fate specification of individual
vulval cells, we examined the expression of GFP driven by
the promoters of the cdh-3, egl-17, and lin-11 genes (Bur-
dine et al., 1998; Hobert et al., 1998; Pettitt et al., 1996).
cdh-3::GFP is expressed strongly in the vulC, vulD, and
vulE cells, and we also detected weak expression in the vulF
cells. egl-17::GFP is expressed in the vulC and vulD cells.
Finally, lin-11::GFP is expressed in vulA, vulB1, vulB2,
vulC, and vulD cells. We found in all cases that RNAi
depletion of PAR-1 did not alter the number of vulval cells
expressing a particular reporter [Fig. 2, a minimum of 5
control and 5 par-1(RNAi) larvae were examined for each
marker]. As mentioned above, we also observed that most
of the marked cell bodies were found in their normal
positions within the stack of toroids; however, par-1(RNAi)
larvae occasionally showed displacement of individual vul-
val cells. The observation that three markers of vulval
toroid identity are correctly expressed is further support
that vulval cell specification is not affected by par-1(RNAi).
PAR-1 Is Required for Morphogenesis of the Vulva
We next asked whether morphogenesis was affected by
depletion of PAR-1. Vulval morphogenesis can be divided
into three phases: migration (invagination), fusion, and
eversion. During our analysis of proliferation, we observed
that the invagination process that forms the lumen initiates
correctly. To further assess the extent of migration and
invagination, we examined the shape of the vulval lumen at
the middle of the L4 stage, approximately 37 h after
hatching, when wild type displays a characteristic “christ-
mas tree” shape. We detected no obvious difference in the
FIG. 2. Specification of vulval cells is not affected by par-1(RNAi). Confocal z-series projections show expression of GFP driven by the
promoters of the egl-17, cdh-3, and lin-11 genes in control (A–C) and par-1(RNAi) (D–F) vulvae. Note that par-1(RNAi) does not alter the
number or in most cases the position of cells expressing a particular reporter. Arrow in (E) indicates a misplaced cell. Brackets in (C) and
(F) indicate cells of the uterus (ut) that also express lin-11::GFP. Scale bar, 10 m.
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shape of the vulval lumen after depletion of PAR-1 [Fig. 3,
n  10 control and n  12 par-1(RNAi)]. Therefore, PAR-1
is not essential for the short-range cellular migrations or the
invagination of vulval cells that underlie lumen formation
during the initial stages of vulval morphogenesis.
Concurrent with migration and invagination, vulval cells
undergo dramatic shape changes. Prior to morphogenesis,
vulval cells are simple columnar epithelial cells with apical
surfaces facing the external environment along the ventral
midline of the larva. After migration and invagination,
vulval cell bodies are toroid-shaped with their apical sur-
faces facing the newly formed lumen. They accomplish this
shape change in part through the extension of cellular
processes that bring the descendents of the P5.p lineage in
contact with the descendents of P7.p along each lateral
surface of the developing lumen. This developmental
mechanism has been termed apical extension (Michaux et
al., 2001). After contact, new apical junctions form to seal
the lateral faces of the lumen and complete the formation of
the vulval toroids (Sharma-Kishore et al., 1999).
To characterize cell shape changes after PAR-1 depletion,
we analyzed the structure of the vulva during morphogen-
esis using an AJM-1::GFP fusion protein (Ko¨ppen et al.,
2001; Michaux et al., 2001; Mohler et al., 1998). AJM-1 is a
resident protein of apical junctions in epithelial cells in C.
elegans, and it provides a convenient marker to follow
vulval morphogenesis. We examined AJM-1 patterns in
control and par-1(RNAi) larvae at several points during
vulval development using confocal microscopy. The
AJM-1::GFP construct produced results identical to those
obtained by staining with the monoclonal anti-AJM-1 anti-
body MH27 (Francis and Waterston, 1991).
We found that vulval cells in par-1(RNAi) larvae migrate
and begin to change shape as in wild type (Fig. 4A, n  4;
Fig. 4E, n  7; Fig. 4B, n  6; Fig. 4F, n  9). However, at
approximately 33 h after hatching, we observed obvious and
consistent defects in the vulA–vulD cells (descendants of
P5.p and P7.p). Whereas in wild type the cellular extensions
sent by the anterior and posterior vulB, C, and D cells have
made contact at the lateral midline of the vulval and the
vulAs have fused to form the vulA toroid (Fig. 4C, n  4), in
par-1(RNAi) larvae, the tips of the vulA–vulD extensions
remain separated by a small gap on each side of the lumen
(Fig. 4G, n  22). These gaps persist in most cases, and the
anterior and posterior cells fail to fuse (Fig. 4H n  18;
compare with control in Fig. 4D, n  7). In some cases,
anterior and posterior cells make contact in abnormal
configurations (Fig. 4I, n  4), but we did not observe any
evidence of fusion. The dorsal P6.p descendents, the vulEs
and vulFs, are born in contact as in controls, but at 37 h, the
morphology of the junctions between these cells is often
abnormal (Figs. 4H and 4I).
To assess whether the morphogenesis defects we ob-
served were due to a general failure of cell fusion after
PAR-1 depletion, we examined several fusion events that
take place during vulva development (Sharma-Kishore et
al., 1999). In normal development, P3.p, P4.p, and P8.p
divide once and fuse with the hypodermal syncytium
shortly after the induction of P5–7.p. Since we never ob-
served extra hypodermal cells after par-1(RNAi), we con-
clude that these fusions must take place. During early
morphogenesis, fusions between sister cells in the P5.p and
P7.p lineages form the vulA and vulC cells. In each lineage,
two sister vulAs fuse longitudinally near the beginning of
migration to form vulA and two sister vulCs fuse trans-
versely shortly thereafter to produce vulC (Sharma-Kishore
et al., 1999). We did not observe apical junctions delineating
unfused vulA or vulC cells after 33 h of development in
vulvae from par-1(RNAi) worms by AJM-1::GFP, indicating
that those fusions were normal. We also monitored fusion
between the AC and the syncytial uterine seam cell that
opens the channel between the uterus and the vulva. If this
fusion fails, the anchor cell remains atop the stack of vulval
toroids and the connection between the uterus and the
vulva is blocked (Hanna-Rose and Han, 1999). We observed
that this fusion takes place normally after depletion of
PAR-1 by RNAi (arrow in Fig. 3B). Thus, although the
fusions that complete ventral toroid formation fail in par-
FIG. 3. Invagination of vulval cells, lumen formation, and the connection to the gonad are not affected by par-1(RNAi). (A) During the L4
stage, the lumen of a control vulva adopts a characteristic christmas tree appearance. (B) par-1(RNAi) does not alter the overall shape of the
lumen. Also note that the anchor cell has correctly fused with the syncytial uterine seam cell, forming a connection between the uterus
(ut) and the vulva (arrows). Scale bar, 10 m.
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FIG. 4. Morphogenesis is defective in par-1(RNAi) vulvae. Structure of the vulva as visualized with the AJM-1::GFP fusion protein at
various times during development in controls (A–D) and par-1(RNAi) (E–I). Just dorsal (up) to the developing vulva is the developing uterus
(ut). Full projections of confocal z-series along the left–right axis are shown for early stages (A, B, E, F) but for clarity, projections of right
or left half-vulvae are shown for later stages (C, D, G–I). Approximate hours after hatching are shown in the upper right corner of each panel.
Note the appearance of the gap (arrow) between lateral cellular extensions caused by par-1(RNAi) (G) that most often persists (H), but
sometimes closes (I). Scale bar, 10 m.
© 2003 Elsevier Science (USA). All rights reserved.
1(RNAi) vulvae, this is not due to a general requirement for
PAR-1 in cell fusion during development.
PAR-1 Is Not Required for Overall Polarity or
Cytoskeletal Integrity in the Vulval Epithelium
Given a conserved role for PAR-1 in cell polarity in other
contexts, we asked whether depletion of PAR-1 might be
altering overall polarity in vulval cells. To address this, we
examined the distribution of multiple markers of epithelial
polarity in vulval cells. These markers were: LET-413,
which is localized to basolateral domains and apical junc-
tions (Legouis et al., 2000), HMP-1 (-catenin), which is
cytoplasmic with enrichment at apical junctions (Raich et
al., 1999), DLG-1, which is localized to apical junctions
(Bossinger et al., 2001; Ko¨ppen et al., 2001; McMahon et al.,
2001), PAR-6, which is localized to the apical cell surface
(Bossinger et al., 2001; McMahon et al., 2001), and PAR-3,
which colocalizes with PAR-6 at the apical surface (Boss-
inger et al., 2001; Michaux et al., 2001) and is punctate at
apical junctions (this study). We found no detectable differ-
ences in the localization of any of these proteins [Fig. 5, and
unpublished results; a minimum of 5 control and 5 par-
1(RNAi) larvae were examined for each].
EMK family members may play roles in regulating the
cytoskeleton. Absence of PAR-1 activity in the Drosophila
follicular epithelium causes alterations in the microtu-
bule cytoskeleton (Cox et al., 2001), and mammalian fam-
ily members, the MARKs, are thought to regulate the
microtubule cytoskeleton through phosphorylation of
microtubule-binding proteins (Drewes et al., 1997; Ebneth
et al., 1999). Additionally, C. elegans PAR-1 binds to
NMY-2, a conventional nonmuscle myosin (Guo and Kem-
phues, 1996). To test whether PAR-1 played a role in
cytoskeletal organization in vulval cells, we examined the
distribution of NMY-2 and tubulin. At the resolution of the
light microscope in fixed specimens, we found no obvious
differences in the expression or organization of these com-
ponents of the cytoskeleton after depletion of PAR-1 [Fig. 5,
and unpublished results; a minimum of 5 control and 5
par-1(RNAi) larvae were examined for each].
FIG. 5. Overall polarity is not affected by par-1(RNAi). Basolateral and apical junction accumulation of LET-413::GFP in control (A) and
par-1(RNAi) (D) larvae. Apical accumulation of PAR-6 in control (B) and par-1(RNAi) (E) larvae. Cortical accumulation of NMY-2 in control
(C) and par-1(RNAi) (F) larvae. PAR-6 and NMY-2 are expressed in the developing uterus (ut) as well as the vulva. Scale bar, 10 m.
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Expression and Localization of PAR-1 in
Developing Vulval Cells
Finally, we asked whether the spatial and temporal dis-
tribution of PAR-1 in vulval cells provided insight into its
role during morphogenesis. To address this, we examined
PAR-1 distribution from the mid-L3 stage to young adult-
hood, using AJM-1 as a marker for the identity and position
of vulval cells through vulval development. We found that
PAR-1 is localized near apical junctions prior to vulval
development (Fig. 6A, n  9). This localization is common
to other C. elegans epithelial cells (K.J.K., unpublished
observations; O. Bossinger, personal communication). After
fate specification and precursor proliferation, PAR-1 is not
only found near apical junctions, but it is also associated
with the cortex of the vulval cells (Fig. 6B, n  5). Through
morphogenesis, PAR-1 gradually undergoes a redistribution
from near apical junctions to the basolateral cortex (Fig. 6C,
n  12; 7 still showed some junction-associated PAR-1). By
young adulthood, PAR-1 is highly enriched in basolateral
domains and little, if any, is still found associated with
junctions (Fig. 6E, n  6). The PAR-1 distribution was
identical using three different sources of antibodies to
PAR-1 and, as previously mentioned, was sensitive to
par-1(RNAi) (Fig. 6D, n  10).
DISCUSSION
We report here that PAR-1, a protein required for estab-
lishing polarity in the early embryo of C. elegans, is also
required for the postembryonic development of the vulva.
RNAi depletion of PAR-1 results in a protruding vulva
phenotype. Vulval development in PAR-1-depleted larvae
appears normal up to the middle of morphogenesis. At this
time, cell contacts and fusions fail to occur and cells adopt
abnormal shapes. We found that, in wild type larvae, PAR-1
is present in vulval cells and during morphogenesis redis-
tributes from the apical junctions to the basolateral surface
coincident with morphogenesis. We propose that PAR-1
activity at the cell cortex is critical for mediating cell shape
changes, cell surface composition, or cell signaling during
the later stages of morphogenesis.
PAR-1 and Vulval Morphogenesis
Pvl phenotypes can arise through defects in vulval cell
fate specification, cell proliferation, or morphogenesis (An-
toshechkin and Han, 2002; Eisenmann and Kim, 2000;
Hanna-Rose and Han, 1999; Seydoux et al., 1993). Although
it is not possible to rule out a role in vulval cell fate
specification, our evidence rules out a role in cell prolifera-
tion and favors a role for PAR-1 in morphogenesis. PAR-1-
depleted worms show normal numbers and positions of
vulval cells. In addition, the vulval cells express three
markers of fate appropriately and initiate the beginning
phases of morphogenesis correctly. The occasional varia-
tion we noted in the position of vulval cells could arise
either from rare, subtle affects on fate specification and
execution of the lineage or from defects in morphogenesis.
Furthermore, the new expression and redistribution of
PAR-1 protein during vulval morphogenesis is consistent
with a role at that time.
Vulval morphogenesis encompasses the transformation
of the linear array of columnar epithelial cells into a stack
of toroidal rings via the migration, invagination, change of
shape, and eventual fusion between cells of the two mirror-
symmetric halves of the vulva (Sharma-Kishore et al.,
1999). Ring formation is initiated by the extension of cell
processes toward the future midline of the vulval lumen
around and under their more proximal neighbors (relative to
the lumen and the anchor cell). These processes extend
both laterally and ventrally relative to neighboring cells,
apparently breaking the apical junctions connecting these
cells to the surrounding epidermal syncytium. Ring forma-
tion concludes when processes from each half-vulva make
contact at the midline and form apical junctions that
eventually dissolve when the cells fuse. At the same time
that processes extend, distal cells migrate toward the vulval
midline, inserting themselves below their proximal neigh-
bors and changing shape so that their apical surfaces come
to face the forming vulval lumen (Figs. 4A–4D).
In par-1(RNAi) larvae, most of these events occur nor-
mally. Vulval cells migrate, invaginate, begin to extend
apical processes, reorient their apical surfaces, and form a
stack. However, the apical extensions fail to establish or
maintain contact with their homotypic partners, and cell
fusions that would normally create syncytial toroidal rings
from anterior and posterior cells fail to occur. In addition,
we note that cells are occasionally misplaced and have
aberrant shapes that become more pronounced near the end
of morphogenesis (Figs. 7 and 4E–4I).
Failure of fusion is likely to be a secondary consequence
of the failure of cellular extensions to establish or maintain
contact. Most postembryonic cell fusions, including other
fusions during vulval development, take place normally in
the PAR-1-depleted larvae. However, the fusion failure is
not simply due to the lack of contact; in about 15% of the
37-h animals we observed, posterior and anterior vulA cells
had made extensive, although abnormal, contact (Fig. 4I).
Despite this, we have not yet observed any instances of
fusion. We also attempted to score cell fusion among cells
of the vulE and vulF rings, which are born in contact.
Unfortunately, the abnormal morphology of these cells
made it impossible to score these late fusion events. A
hypothesis that could explain these defects is that PAR-1 is
required for the recognition of contact or the formation of
normal intercellular associations between cells of each
half-vulva. Without these associations, cells fail to adhere
and fuse, and they adopt abnormal morphology.
The abnormal eversion of the vulva at the end of mor-
phogenesis after PAR-1 depletion could be due to a combi-
nation of failed fusion and adhesion. Mutations in the eff-1
gene block all cell fusion events during development but do
not block adhesion. However, eff-1 mutations cause lower
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penetrance Pvl phenotypes than does par-1(RNAi) (Mohler
et al., 2002), indicating that defects other than failed fusions
are contributing to the Pvl phenotype caused by PAR-1
depletion. The phenotypes caused by PAR-1 depletion are
also distinct from the squashed vulva phenotype caused by
mutations in three genes of a glycosylation pathway (Bulik
et al., 2000; Herman et al., 1999; Herman and Horvitz,
1999), making it unlikely that PAR-1 has a role in this
pathway.
Another possibility is that the Pvl phenotype is partially
FIG. 6. PAR-1 redistributes during vulval development. AJM-1 (left) and PAR-1 (right) accumulation are shown at various stages of vulval
development. Approximate hours after hatching are shown on each panel. Insets are at twice magnification. Ventral is to the right. (A) Full
confocal projections show PAR-1 and AJM-1 colocalized at apical junctions in the vulval precursors, P5.p–P7.p. PAR-1 is also found at apical
junctions in the intestine (int). (B) A full confocal projection of AJM-1 shows apical junctions in the vulval primordium. A single PAR-1
optical section is shown on the right. The insets allow direct comparison of a single optical section. Whereas AJM-1 is restricted to the
apical junctions, PAR-1 is widespread along the cortex. (C) A single midline section at the middle of the L4 stage shows a dramatic change
in PAR-1 distribution. Dots of AJM-1 staining mark the boundaries of the apical surfaces (bracket in the inset). PAR-1 is cortical, with
basolateral enrichment (bracket in the inset). (D) Control par-1(RNAi) worm showing depletion of PAR-1 protein. Arrow in the left panel
shows the abnormal gap in the vulval structure. (E) Adult vulva. A projection of two selected sections (one midline and one lateral) shows
that, after eversion, PAR-1 is basolateral and little if any is left at junctions. Scale bar, 10 m.
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or entirely due to a role for PAR-1 in uterine development.
The uterine cells utse and uv1 provide a physical connec-
tion between the vulva and the rest of the body and
therefore are likely to play a role in preventing prolapse of
the vulva (Newman et al., 1996). Indeed, mutations in
COG-2 that perturb the vulval–uterine connection show a
weakly penetrant Pvl phenotype (Hanna-Rose and Han,
1999). Additional analysis is required to explore this possi-
bility.
Possible Cellular Roles for PAR-1
The cellular function of PAR-1 during vulval morphogen-
esis is not clear. Given its conserved role in polarizing cells
in many contexts, a role in cell polarity is possible. Our
results thus far do not provide evidence for such a role. All
markers of apical/basal polarity that we tested were distrib-
uted normally in the PAR-1-depleted worms. However, it is
possible that PAR-1 functions downstream of the markers
we tested; mutations in par-1 do not affect the distributions
of PAR-2 or the PAR-3 complex in the early embryo
(Kemphues and Strome, 1997).
An alternative possibility is that PAR-1 is playing a role
in signal transduction underlying the establishment or
maintenance of cell shape changes. Vulval cell migrations
and shape changes require positional input from three
sources: (1) the hypodermal syncytium, hyp7, (2) the adja-
cent dorsal vulval cell, and (3) the homotypic partners
(Sharma-Kishore et al., 1999). Of these three, a role for
PAR-1 in processing input from the homotypic partner
seems most consistent with the RNAi phenotype. Migra-
tion and changes in position relative to hyp7 and the dorsal
cells proceed as normal, but homotypic partners fail to
establish or recognize and maintain contact. PAR-1 might
be transducing a signal that mediates cytoskeletal remod-
eling that drives the last phase of apical extension. This
could occur through the actomyosin or microtubule sys-
tems or both. Support for the idea that PAR-1 could regulate
the actomyosin system comes from the observation that
PAR-1 can bind to a cytoplasmic myosin heavy chain,
NMY-2 (Guo and Kemphues, 1996), that is present in vulval
cells (this study). An NMY-2 homologue, the zipper protein,
is required for dorsal closure in Drosophila, a process that
involves shape changes in epithelial cells that are reminis-
cent of process extension during vulval formation (Young et
al., 1993). The microtubule cytoskeleton is involved in cell
shape changes through process extension during such de-
velopmental mechanisms as neurite outgrowth (Teng et al.,
2001) and perhaps the extension of filopodia and lammeli-
podia (Schoenwaelder and Burridge, 1999). Mammalian and
Drosophila PAR-1 homologues appear to act at least in part
by regulating microtubules (Cox et al., 2001; Drewes et al.,
1997; Ebneth et al., 1999). Thus, it is possible that the role
of PAR-1 is in mediating microtubule function in the vulval
epithelium. However, there is currently no strong evidence
implicating C. elegans PAR-1 in microtubule regulation. In
addition, we observed no abnormalities in either major
cytoskeletal network at the resolution of the light micro-
scope. However, cytoskeletal defects during apical exten-
sion may be difficult to resolve using light microscopy.
Persistence of Maternally Provided par-1 mRNA
The observation that severe par-1 alleles cause only low
penetrance defects in the vulva despite an essential role for
PAR-1 in vulval development raised the question of how
homozygotes avoid vulval defects. As lw39 is likely a null
allele (Guo and Kemphues, 1995), we hypothesize that
persistent wild-type mRNA and protein from the heterozy-
gous mother is sufficient for vulval development in most
homozygous mutants. We have failed to detect PAR-1
protein in vulvae of par-1 homozygous larvae (D.D.H. and
K.J.K., unpublished results), suggesting that very small
amounts of protein are sufficient for vulval development.
CONCLUSION
Our results include PAR-1 in a growing list of signaling
molecules that play a role in cellular behaviors during organ
morphogenesis. The combination of defects that we observe
in vulval epithelial cells after PAR-1 depletion coupled with
the redistribution of PAR-1 protein from apical junctions to
basolateral surfaces suggests that PAR-1 acts at the periph-
ery of vulval cells to affect or maintain cell shape changes or
surface properties. Further elucidating the role of PAR-1 in
vulval morphogenesis will require identifying the proteins
and cellular systems with which it interacts.
FIG. 7. Summary of vulval defects caused by par-1(RNAi). Nor-
mal vulva development results in 22 nuclei within 7 toroids,
vulA–vulF. Five of the 7 toroids are syncytial, having either 2 or 4
nuclei (vulB1 and vulB2 do not fuse into syncytia). In par-1(RNAi)
larvae, precursor proliferation fate specification and the first steps
of vulval morphogenesis are normal. par-1(RNAi) caused a failure
by the most ventral vulval cells to establish or maintain complete
toroids. Dorsal vulval cells displayed variably abnormal apical
junction morphology that obscured our ability to determine
whether they had fused into syncytial toroids (question mark).
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